Current paper-based potentiometric ion-sensing platforms are planar devices used for clinically relevant ions. These devices,h owever,h ave not been designed for the potentiometric biosensing of proteins or small molecule analytes.At hree-dimensional origami paper-based device,i n which as olid-contact ion-selective electrode is integrated with an all-solid-state reference electrode,i sd escribed for the first time.T he device is made by impregnation of paper with appropriate bioreceptors and reporting reagents on different zones.Byfolding and unfolding the paper structures,versatile potentiometric bioassays can be performed. AUSB-controlled miniaturized electrochemical detector can be used for simple and in situ measurements.U sing butyrylcholinesterase as am odel enzyme,t he device has been successfully applied to the detection of enzyme activities and organophosphate pesticides involved in the enzymatic system as inhibitors.T he proposed 3D origami paper device allows the potentiometric biosensing of proteins and small molecules in as imple, portable,and cost-effective way.
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Potentiometry with ion-selective electrodes (ISEs) is awellestablished technique that has been routinely used for the centralized analysis of abroad variety of ions and accounts for billions of measurements every year. [1] Ap otentiometric device usually consists of an ion-selective electrode,ar eference electrode (RE) and an electrochemical detector.S olidcontact ISEs and REs with attractive features such as robustness,f lexibility,c ost-effective fabrication, and ease of miniaturization show exceptional promise for the construction of integrated devices. [2] Thelast few years have witnessed great advances in the design of solid-contact ISEs and REs and their applications for analytical devices. [3] To reduce cost, simplify instrumentation, and incorporate functionality,paper has become asimple,flexible,and reliable platform for analytical devices. [4] Since the concept of microfluidic paper-based analytical devices (mPA Ds) was proposed by the Whitesides group,v ersatile mPA Ds have been developed with avariety of readout strategies,such as colorimetry, fluorescence,c hemiluminescence,a nd amperometry. [5] Col-orimetric and electrochemical methods are the preferred choices for mPA Ds.C ompared with paper-based optical sensors,t he electrochemical sensors are more quantitative and resistant to interference from color. [6] In recent years, potentiometric ISEs have been successfully integrated with mPA Ds.B ye xploring appropriate modifications of filterpaper substrates and making use of paper-based microfluidic sampling, planar platforms with various ISEs and REs have been proposed. [7] Unlike the disposable paper-strip ISE, [8] aw hole potentiometric cell is embedded into the paper, which makes the device at ruly useful diagnostic tool. Very recently,t he Bühlmann group designed ap romising condition-and calibration-free potentiometric ion sensing system, [9] which further simplifies the clinical applications.A lthough these methods have made great contributions to potentiometric ion sensing,t he planar ion-sensing platforms developed so far are used only for clinically relevant ions such as sodium and potassium. No planar device has yet been designed for the potentiometric biosensing of proteins or small molecules.
mPA Ds have evolved from two-to three-dimensional (3D) devices,and the development of 3D devices for rapid sensing is of special interest. [5e,10] 3D mPA Ds address the challenges of other paper-based analytical devices such as dipstick and lateral flow assays and can be used for multiplex assays.Flow control within 3D mPA Ds will broaden their applications in time-controlled signal amplification reactions,s uch as enzyme-linked immunosorbent assays. [11] Interestingly,t he origami technique can be integrated with the fabrication of 3D mPA Ds,which provides aone-step method for patterning 3D paper devices. [10, 12] In these 3D devices,the origami design can effectively eliminate problems of reagent diffusion by lateral flow in the channels of planar paper devices and thus avoid the incompatibilities of reagents (for example,enzymes and their substrates) located in different zones.I nspired by these advantages,w ee nvisioned that 3D origami paper devices could be used to design potentiometric biosensing platforms for proteins and small molecule analytes.S uch devices can be made by impregnation of paper with appropriate bioreceptors and reporting reagents at separate tabs. By folding and unfolding the paper structures,v ersatile potentiometric bioassays can be performed. To the best of our knowledge,a3D origami paper device for potentiometric biosensing has not been reported.
Herein, we present as imple,r obust, and practical 3D origami paper device by harnessing the merits of microfluidic paper-based assays and solid-contact-ISE-based potentiometry.Aminiaturized detector (USB-controlled) that can perform simple and in-field testing was used for the electrochemical analysis.B utyrylcholinesterase (BuchE), which is atarget enzyme for pesticide determination and drug screening and is also used as alabel in immunoassays,was selected as am odel. It is expected that the 3D origami paper device with the solid-contact ISE would be applicable for the rapid potentiometric detection of the enzyme and species involved in the enzymatic system.
Thedevice was fabricated by using wax patterning to have arelatively high mechanical strength when wet, according to our previously described procedures (see the Supporting Information). [13] As shown in Scheme 1A,the potentiometric mPA Di sc omprised of one test pad surrounded by three folding tabs.O nt he test pad (bottom) layer, two linear regions of paper to be used as the substrates for the indicator and reference electrodes are separated by a1.5 mm gap in the center position. In the folding tab layers,t he whole paper is hydrophobic,o wing to the printed wax, except for ar ound paper zone (i.d. 8mm) in the center position to allow the sample or reagent solution to wick through and/or make contact with the ISE and RE membranes (for device dimensions,s ee Figure S1 in the Supporting Information). When sample or reagent solutions are added to the corresponding zones of the device,t he geometry of the sensing zone allows ionic conductivity between the indicator electrode and the reference electrode.A dditionally,s ample handling and reagent immobilization functionalities can be integrated into the mPA D, which opens new opportunities for ISEs in potentiometric biosensing. Fort his design, one sheet of chromatography paper (A4, 210 297 mm) can be used to fabricate 12 devices ( Figure S2 in the Supporting Information).
In this work, carbon and Ag/AgCl inks were applied on the paper substrates by drop casting to prepare the carbon and Ag/AgCl electrodes,respectively (Scheme 1B). Then, the ISE and RE membranes were formed by dip coating the cocktail solutions onto the carbon and Ag/AgCl supports, respectively (Scheme 1C and the Supporting Information, Figure S3 ). It should be noted that carbon serves as not only the electrode substrate but also the ion-to-electron transducer. Indeed, it has been reported that carbon-based materials can be used as transducers or components of PVC-based membranes for solid-contact ISEs. [3a,14] Contact angle measurements were carried out to confirm the properties of the carbon-ink-modified surface.T he wax-printed paper and carbon-ink-printed surface show contact angles of 150.4 AE 18 8 and 143.1 AE 28 8 (n = 3), respectively.T he carbonink-printed surface shows ahigh hydrophobicity,which could prevent the formation of awater layer between the polymeric membrane and the solid contact. [15] Thebioassays on this 3D origami paper device can be performed manually through sequential and procedural folding of the tabs (Scheme 1D). Moreover,t his 3D origami system can be easily integrated and combined with am iniaturized electrochemical analyzer (Scheme 1E)t od evelop as imple,s ensitive,l ow-cost, and portable platform for point-of-care testing and on-site environmental monitoring.
Paper-based analytical devices that employ aprinted Ag/ AgCl reference electrode cannot maintain as table potential unless ah igh and stable concentration of as oluble chloride salt is present in the sample solution. [16] Such requirement could limit the general applicability of the printed Ag/AgCl reference electrode.I nt his work, as olid-state reference electrode based on ap oly(methyl methacrylate-co-butyl methacrylate) (MMA-BMA) membrane containing Ag/ AgCl and KCl salt was constructed as described previously with some modifications (see the Supporting Information). [17] Thec ommercially available copolymer MMA-BMA, which has arelatively slow salt leaching,was used as amatrix instead of polyacrylic polymers.O ur preliminary experiments revealed that the reference electrode could show low potential variabilities to aw ide range of chemical species ( Figure S4 in the Supporting Information), redox pairs,a nd changes in pH, which is consistent with the results in the literature. [17a] Thep erformance of the newly developed paper-based devices was first evaluated for the use of ISEs for butyrylcholine.O ur previous research has shown that ap olymeric membrane electrode with high sensitivity and selectivity toward butyrylcholine can be designed by using heptakis(2,3,6-tri-o-methyl)-b-cyclodextrin as an ionophore. [18] Since the choline cation generated by the butyrylcholine hydrolysis catalyzed by BuchE shows amuch lower potential response than the butyrylcholine cation, [18b] the membrane ISE can be used for detection of BuchE activities.H erein, as olid-state butyrylcholine-sensitive membrane ISE was developed (see the Supporting Information). Thet hickness of the membrane was controlled by varying the volume of the cocktail solution deposited onto the sensing zone.T he optimum volume of the cocktail solution for working and reference membranes with ar elatively high stability was 10 mL. To achieve as ensitive and rapid potentiometric biosensing, unconditioned membrane electrodes were used. Experiments revealed that as table potential response could be obtained after circa 5min ( Figure S5 in the Supporting Information). Indeed, Lindner et al. reported that the equilibration times of solid-contact ISEs built on glass carbon and gold substrate could be short (ca. 5to1 0min). [19] The3Dorigami device was operated by simply folding the three tabs along the fold-line following aspecific sequence.In Scheme 1. Schematic of the 3D origami potentiometric paper-based device:A)without the carbon and Ag/AgCl electrodes;B)with the carbon and Ag/AgCl electrodes;C )with the ISE and RE membranes; and D) with the integrated cell for potentiometricdetection. E) The origami paper-based device can be integrated with aminiaturized electrochemical analyzer (USB-controlled) for potentiometric biosensing.
Angewandte Chemie
Communications this work, two layers on the device were required for the determination of enzyme activities (see the Supporting Information). Thes ubstrate tab was folded below the enzyme tab ( Figure S6 in the Supporting Information). After folding, the device was clamped by binder clips to ensure contact. Them easurements were done by using the reagent addition method. Thes ubstrate ions can wick to the enzyme zone,w hich initiates the enzymatic hydrolysis.T he bioassay exhibits alinear response (r = 0.99) over the BuchE activity range from 0.05 to 1.0 UmL À1 with adetection limit of 0.02 UmL À1 (3s) (Figure 1 ). Forthe single-use device,deviceto-device fabrication reproducibility was estimated by determining the potential response of 0.5 UmL À1 BuChE. The coefficient of variation was 7.4 %( n = 7). It should be noted that the implemented BuchE sensing approach demonstrates ageneric configuration applicable to many other enzymes and targets involved in enzymatic systems or enzyme-linked immunosorbent assays.
Although only two layers on the device were required for the determination of enzyme activity,more complex analysis could be performed with the device.W enext illustrate that the enzyme assays can be used to quantify small molecule analytes.I ti sw ell known that organophosphate pesticides (OPs) can irreversibly inhibit BuchE activity.Apaper-based pesticide sensor for the determination of OPs based on BuchE inhibition was developed. As shown in Figure S7 in the Supporting Information, when 0.5 UmL À1 BuchE was added to the enzyme tab,t he potential of the ISE decreased drastically (curve c), compared with the control (curve a). However,w hen 0.5 UmL À1 BuchE and 1.0 nm methyl parathion were added to the reagent tab at the same time,t he potential change was smaller (curve b). This was because methyl parathion, as one of the OPs,can inhibit BuchE, thus reducing the enzymatic activity to its substrate.According to the well-established mechanism, the overall rate constant for the inhibition of the enzyme (k i )could be calculated (see the Supporting Information). An inhibition constant of k i = 1.0 10 5 m À1 min À1 could be obtained from the data shown in the Supporting Information, Figure S7 (Figure S8 in the Support-ing Information). This value is in good agreement with the reported value. [20] To demonstrate the applicability of the device,t he reagent-addition-based scheme was used for potentiometric determination of methyl parathion with high sensitivity (see the Supporting Information, Figure S9 ). Our experiments show that the proposed 3D mPA Ds enable the potentiometric biosensing of the pesticide,a nd the methodology can be useful for simple and in situ measurements.
To improve the portability,utility,and user-friendliness of the device,all the reagents involved in the sensing chemistry were included on the device in adry state.W ee valuated the potentiometric bioassays based on such user-friendly test format. In the present work, BuchE and substrate reagents were immobilized on different folding tabs by adsorption (see the Supporting Information). Themorphologies of the paper and BuchE on the paper were characterized using scanning electron microscopy.A ss hown in the Supporting Information, Figure S10 , the enzyme can adhere to the paper surface through physical trapping and van der Waals and electrostatic forces,which leads to asmoother surface.The BuChE activity on the paper was measured to be ca. 0.018 AE 0.001 U( n = 3) by using Ellmansm ethod ( Figure S11 in the Supporting Information). [21] In addition, bovine serum albumin was used as astabilizer to prevent the thermally induced inactivation of enzyme. [22] Experiments showed that the enzyme activity could be maintained for ap aper disk with adsorbed enzyme after storage at À20 8 8Cfor at least 12 days ( Figure S12 in the Supporting Information).
Theo peration of the 3D origami-based device with immobilized reagents is shown in Figure 2A .T he sample solution was added directly to the sample tab and then wicked to the enzyme-loaded tab.After incubation for 5min at room temperature,the inhibited enzyme was placed in contact with the substrate tab to initiate the hydrolysis reaction (for more details on the folding sequence,s ee the Supporting Information). During measurements,the substrate ions diffused to the enzyme zones,w here the enzymatic hydrolysis occurred. As shown in Figure 2B ,aclear potential decrease can be observed in the absence of the pesticide,w hich indicates the preservation of the enzyme activity ( Figure 2B ). Ad istinct potential change can be observed when the sample contained the pesticide,a nd the potential change increased with increasing the methyl parathion concentration. In this proof-of-concept assay,t he dynamic range is 0.1-1.0 nm methyl parathion and the limit of detection is 0.06 nm ( Figure 2C ). Thed etection limit is comparable to or even lower than those reported by other researchers. [23] The proposed devices not only are simple to operate but also have promising potential for the applications of ISEs by integration of binding, separation, and detection on as imple test-paper-like platform. Compared with strategies based on the lateral flow bioactive paper or dipstick sensing formats, the 3D mPA Ds would enable time-controlled incubation and enzymatic reactions.
In summary,w er eport for the first time a3 Do rigami paper device for potentiometric biosensing,w hich has the advantages of solid-contact ISEs for rapid sensing and of mPA Ds for simple operation and multiple functions.T he paper-based device possesses several unique features.F irst, compared with colorimetry,potentiometry is resistant to color or turbidity-induced interferences,which are usually encountered for real-sample bioanalyses.S econd, the fabrication of the device is fast, easy,flexible,and inexpensive.Additionally, all fabrication steps could be easily automated. Third, the 3D structure makes it possible to control timing and has the potential for multiplex analyses.W ith other paper-based analytical devices such as dipstick and lateral flow assays,itis difficult to obtain multiplexed and quantitative results.Moreover, the application of this device to enzyme detection can promote the development of potentiometric immunoassays. Thus,w eb elieve the proposed paper-based potentiometric device platform will be extensively used in the field of pointof-care testing and on-site environmental analysis. 
